According to these ideas, in the presence of surfactants, the initial emulsion consists of two kinds of particles of different sizes: the monomer droplets with diameters of 5-20 microns and colloidal degree of dispersion and monomer-swollen surfactant micelles (5-10 nm).
Introduction
Emulsion polymerization (EP) is a complex heterophase process which involves many components and also runs sequentially and in parallel physicochemical processes that determine the composition of the emulsion, the formation mechanism of polymermonomeric particles (PMP), conditions for the formation of interfacial layer, etc. There are a number of factors that collectively affect the kinetics of emulsion polymerization, among them:
 initiator decomposition,  dispersion of the monomer,  emulsifier redistribution between phases,  microemulsification,  formation of interfacial adsorption layer,  initiation of polymerization,  PMPs formation,  diffusion of monomer into PMPs.
The initial stage of emulsion polymerization defines the basic parameters of the process: the rate of polymerization and the formation of interfacial layer, the number of particles, their size distribution, molecular masses of polymers and molecular mass distribution. The mechanism of formation of PMPs has been widely discussed in the literature and the researchers can not possibly come to a consensus.
This can be explained by the fact that in the original system, different types of particles may be present depending on the nature of system components and their concentrations:
 individual molecules of surfactant  micelles of surfactant  monomer swollen surfactant micelles  surface-active oligomers formed during the initiation of polymerization in the aqueous phase  mixed micelles (surfactant + oligomers)  macro-and microdroplets of the monomer.
In addition to these particles, the emulsion of the monomer may contain specially added low-molecular-weight substances necessary for the preparation of polymeric suspensions with desired properties.
Mechanisms of polymer-monomer particles formation in emulsion polymerization
In the literature there are various hypotheses about the mechanism of particle formation in emulsion polymerization, the main ones assume the formation of PMPs from:
micelles of emulsifier, -macromolecules of the polymer dropped out in water (the mechanism of homogeneous nucleation), -by the mechanism of nucleation aggregative which combines elements of different modes of particle formation -microdroplets of monomer.
None of the hypotheses proposed to date is confirmed by reliable experimental data. Hereinafter we briefly recall these hypotheses.
Micellar mechanism
Micellar mechanism of particle formation is based on a qualitative model proposed simultaneously and independently by Harkins [1, 2] and Yurzhenko [3, 4] . The basic points of such mechanism are as follows:
1. Emulsion polymerization is a usual process of a radical polymerization, its features are explained by the fact that the main site of reactions -micelles and PMP -have discrete volumes. 2. At the initial stage of the polymerization the reaction system consists of emulsifier micelles, PMP and large monomer droplets. 3. Polymerization starts only in the emulsifier micelles, which when attacked by a radical convert to PMP, monomer droplets being only the source of monomer. Diffusion of monomer from droplets through the aqueous phase and into the PMPs does not limit the process that leads to the establishment of equilibrium monomer concentration PMP, which persists as long as monomer droplets are present in the system.
In the polymerization process PMPs increase their size due to the diffusion of the monomer from droplets and monomer-swollen micelles which contains no radicals [1-3, 5, 9-15] .
Three limiting cases were considered:
1. The number of free radicals in the particles is small compared with the total number of radicals, thus the average number of radicals per particle is much less that unity. 2. The average number of radicals per particle is equal to 0.5. This case is realized under following conditions: the activity of the radical in the particle persists as long as the second radical enter the particle, and the time of chain-breaking is small as compared with the average time interval of successive absorption of radicals by the particle. The authors believe that case 2 corresponds to the emulsion polymerization of styrene in the presence of potassium persulfate [5] . The rate of formation of primary radicals is equal to 10 13 radicals• ml -1 s -1 . The average number of polymer particles is of the order of 10 14 -10 16 in 1 ml of the system. If all the radicals formed by the decay of the initiator enter the polymer particles, the average frequency at which a radical enters a particle is once per 10 -100 sec. At any time, the particle contains either one radical or does not contain radicals at all, since it is assumed that chain termination occurs immediately in contact with the second radical in the particle. The particle is inactive until the next radical does not enter the particle, i.e. by 10-100 sec. Consequently, half of time each particle contains a radical and another half of time does not contain radicals, i.e. one half of the particles are active and each of them contains one polymer radical. Thus, the polymerization rate, referred to 1 ml of latex, is expressed by the equation:
where N is the number of PMPs in 1 ml of latex, kp is the propagation rate constant, [M] is the concentration of monomer in the PMP. The rate of polymerization is determined by the number of particles and it does not depend on particle size if it is not very large. 3. If the particle size is large, they may contain several radicals at the same time, as in the case of suspension polymerization. This condition corresponds to the third case: the number of free radicals in the polymer particle is large, each particle has a certain steady-state concentration of radicals.
After completion of the formation of PMPs their concentration in water remains relatively constant until the end of polymerization. The size of particles becomes larger due to the diffusion of monomers from monomer droplets which serve as reservoirs for the growing particles. Most of the monomer is consumed in the growth stage of particles (approximately 10 to 60% monomer conversion). The stage of particle growth (interval II) ends with the disappearance of monomer droplets in the system. For case 2 the following assumptions were implanted:
1. The number of particles per unit volume of water remains constant throughout the polymerization; 2. The particle size distribution is relatively narrow; 3. No desorption of free radicals from the particles; 4. Bimolecular termination of polymer radicals, located in a particle diffusing with a radical from the aqueous phase is instantaneous. Figure 1 illustrates the evolution of the rate of emulsion polymerization. The kinetic curve contains three phases: a relatively short stage I, characterized by the growing polymerization rate, stage II of a constant rate of the process, and stage III, where the polymerization rate decreases.
Stage I refers to a micellar stage of emulsion polymerization. It describes the formation of PMP and the increase in their number. In stage II, the formation of new particles does not occur, and the main process parameters: growth rate constant, kр, the number of radicals in the particle, n; number of particles, N, and monomer concentration [M] , respectively, and the constant changes in the rate of polymerization not observed. Stage III begins after the disappearance of monomer droplets. In this case, all the monomer is contained in the volume of PMP and the rate of polymerization of the consumption of monomer decreases.
Shortly after the publication of the Smith-Ewart theory, many other interpretations that discuss deviations from the theory were issued . There have been many recent indications of change in the number of particles in the emulsion polymerization. In stage II, the Smith-Ewart assumption on the discreteness of the latex particles is not supported.
Nevertheless, the consideration of the number of particles in the emulsion system as the main kinetic factor remains the basic idea of the Smith-Ewart theory. [16] Today it is obvious that the observed phenomena in emulsion polymerization are extremely diverse and can not yet be explained by a single theory.
Kinetic description of emulsion polymerization is complicated due to the difficulty of establishing a place where elementary reactions proceed, and concentrations of reagents in these places.
The classical theory of emulsion polymerization of the Smith-Ewart, establishing a link between the synthesis conditions and the basic parameters of the process, proved to be applicable only to a limited number of objects. It describes EP of nonpolar monomers in the presence of surfactants insoluble in monomer.
I. With water-soluble peroxide compounds which form initiating radicals in aqueous solution polymerization, depending on the nature of monomers, starts in water or micelles. When using oil-soluble polymerization initiators, regardless of the nature of the monomer, it begins in micelles since they contain both monomer and initiator.
The process proceeds further in 10-100 nm PMP, in which monomer concentration during the reaction remains constant (for polymers which are soluble in their monomers, this concentration is 40-50%).
It is essential that the polymerization does not start simultaneously in all the micelles, but only in a small part of them. This is because the concentration of initiating radicals is usually much lower than the number of micelles. The emulsifier contained in the polymer-free micelles is used to stabilize the increase in volume of PMP. Since initiating radicals are formed in the molecular aqueous solution or in adsorption layers of the emulsifier (which means in the micelles or at the surface of polymer particles), the polymer radicals occur near these adsorbed layers. Because of the low rate of diffusion of polymer radicals in viscous phase of PMP the reaction growth and chain termination take place not in the whole volume of the particles (especially in their relatively large volume), but in some zone near the surface. The volume of this zone is determined by the concentration of emulsifier in the process, and in some cases remains approximately constant.
II. The total rate of emulsion polymerization is 10 2 -10 3 higher than the polymerization rate in homogeneous systems with the same initiators (peroxides, azo compounds, radiation). The average molecular mass of the polymers is also much higher in emulsion polymerization.
Therefore increasing the total rate of the process due to the decrease of the reaction rate of chain termination, leads to an increase in both rate and average length of the polymer molecular chains.
Reducing rate of chain termination reactions may be due to two reasons: 1) a low rate of diffusion of polymer radicals in a viscous medium, as in emulsion polymerization, even in early stages, the process takes place in concentrated solutions of polymer in monomer, 2) the radical separation to individual particles. Qualitatively, these two assumptions explain the simultaneous increase in the speed of the process and the molecular weight of polymer in latex polymerization.
Medvedev theory satisfactorily describes the quantitative relationships emulsion polymerization of many monomers.
Ivanchev and Pavlyuchenko [33, 34] attempted to study the elementary reactions of emulsion polymerization and use the results for the synthesis of polymers with properties fundamentally different from those obtained in homogeneous systems. In their study of initiation reaction in emulsion polymerization of styrene, it was suggested that the adsorption layer of PMP has concentrating and orienting effect on the initiator molecule.
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The mechanism of homogeneous nucleation
According to the hypothesis of the formation mechanism of PMP for homogeneous nucleation [27, [35] [36] [37] [38] [39] [40] [41] [42] , the formation of particles or macromolecules derived from the radicals who have reached the critical length (jс), where they lose solubility and precipitate in the aqueous phase. Further growth of the polymer particles dropped in the water is treated differently. Some authors believe that these particles grow by diffusion of monomer from the monomer droplets, i.e. as well as in the case of micellar mechanism, other authors suggest that there exist their limited flocculation and, consequently, the formation of PMPs.
First who suggested the formation of the PMP precipitated from an aqueous solution of polymer molecules was Khomikovsky in 1948 in his study of emulsion polymerization of methyl methacrylate and vinylcyanide [43] . He found that the dependence of the rate of polymerization of the two monomers on the emulsifier concentration is different: the rate of vinylcyanide polymerization decreases with increasing concentration of emulsifier and the rate of MMA polymerization increases, the concentration of emulsifier in these experiments being above the critical micelle concentration (CMC). Khomikovsky explained the results in such a way that vinylcyanide polymerization, initiated by potassium persulfate, begins in water.
Upon reaching the length of polymer chain when oligomers became insoluble in water they precipitate in the aqueous phase to form particles that are stabilized by the adsorption emulsifier molecules on their surface. Initiation of polymerization transforms them to PMP. Here, the polymerization proceeds similarly to that in PMP formed from micelles during polymerization of monomers poor soluble in water.
Later on, these ideas found their development in the investigations of Priest [35] , Roe [36] , Fitch and Tsai [39, 40] , Yeliseyeva [37, 38] , Christiansen [44] , Ugelstad [27] , Pepard [45] Wilkinson [46] [47] [48] , Oganesyan [49] [50] [51] , Tauer [52] [53] [54] [55] [56] [57] , etc.
A quantitative description of the processes of polymerization of the monomers, partially soluble in water, was given by Fitch and Barrett [58] .
Fitch proposed the theory called the theory of homogeneous nucleation. Quantitative analysis of this theory was based on the process of self-exhaustion of oligomeric radicals that have reached a critical degree of polymerization.
Considering the theory of Fitch, Barrett has identified two possible distribution of radicals between the aqueous phase and particles:
1. The equilibrium distribution of radicals between the particle and the volume of the aqueous phase, the radical capture rate here is proportional to the volume of the particle. 2. The equilibrium distribution of radicals between the surface of the particle and the aqueous phase, the radical capture rate in this case is proportional to the square of the particle surface.
He showed that the second case is realized more likely, explanation being that small particles are more effective for the capture of oligomeric radicals than larger particles.
The number of particles, according to the theory of Barrett, depends mainly on the distribution coefficient of oligomeric radicals between the surface and volume of the particles and the aqueous phase.
As the number of particles increases during polymerization, the rate of radical absorption by particles increases, as long as all the newly formed radicals will not be absorbed by the particles without having to reach a critical length.
Two variants of the flow of polymerization in the absence of coagulation of particles were considered:
a. a short nucleation time (due to a high rate of initiator decomposition), here all the particles start to grow almost simultaneously at the same average rate, and reach finally approximately the same size. The result of this reaction is the large number of particles of small diameter and narrow particle size distribution. b. a long time of nucleation (due to a slow initiation), the particles are formed longer, which leads to a broader particle size distribution.
The rate of flocculation of the particles can be controlled by varying the concentration of emulsifier, which is adsorbed on the surface of primary particles and prevents flocculation due to the formation of the electric double layer or due to steric stabilization factor.
In the absence of emulsifier or at its very low concentration and a high rate of initiation,a rapid increase in the number of particles due to the high rate of decomposition of the initiator and the formation of free radicals is noticed during the first stage of polymerization.
Further, due to flocculation, the number of particles drops sharply at the end of the nucleation, particles reach a certain stability by increasing the density of the surface electric charge. If the period of the particles nucleation is short, then, the polymer suspension is characterized by a narrow particle size distribution, on the contrary, the distribution is broad if this period is long.
Ugelstadt and Hansen [27] consider that EP model with partially water soluble monomers should take into account the different stages of the diffusion of oligomeric radicals, as well as the reaction of oligomeric radicals with monomer in the particles.
Using the basic assumption of Fitch that the oligomeric radicals have to reach a certain critical degree of polymerization at which they spontaneously precipitate from the aqueous phase, Ugelstadt and Hansen examined the effect of diffusion of oligomeric radicals in the formation of PMP on the number of particles formed by the mechanism of homogeneous nucleation.
The main provisions of the model are similar to those observed in the Fitch theory and are as follows:
1. Oligomeric radicals spontaneously precipitate when a critical degree of polymerization is reached; 2. Absorption of oligomeric radicals by particles depends on the molecular weight of the radicals; 3. There is a desorption of monomeric radicals from particles; 4. The role of the emulsifier (at a concentration below CMC) is to stabilize the primary particles.
According to this model, in the absence of emulsifier radicals which are formed by the decay of the initiator can:
 add monomer dissolved in the aqueous phase;  be captured by existing polymer-monomeric particles or adsorbed on the surface of the PMP;  recombine in the aqueous phase with the other radicals;  associates to form micelles with other types of radicals dissolved;  precipitate when the oligomeric radicals critical chain length (jc).
The tendency of dissolved oligomeric radicals to the association is small because of their low concentrations (<10 -7 mol/l).
Termination of oligomeric radicals in the aqueous phase may, or may not lead to the formation of new particles. Loss due to recombination leads to a doubling of the chain length of oligomeric radicals, but in this case oligomeric product contains two ionic end groups, resulting in a critical chain length required will increase. Therefore it is not clear whether the loss be oligomeric product from the solution.
According to Fitch model, Ugelstadt determined the number of PMPs in the reaction system is determined by a limited coagulation process of the primary particles.
To explain the influence of emulsifier on the nature of the stabilization process of PMPs Yeliseyeva et al. [12, 13] proposed to use the emulsifier adsorption isotherms at PMPs as a main characteristic.
These authors believe that in EP the rate of emulsifier adsorption on the surface of PMP is a function of adsorption energy, which, in turn, depends on the nature of the emulsifier, and the nature of the surface of the PMP. Later, in the publications of Yeliseyeva et al. adsorption of emulsifier on the particle surface was considered as the main factor determining the kinetics of EP of polar monomers.
Because of the high flow rate of the polymerization process it is difficult experimentally to determine the number of particles during their formation.
Published data show that existing models of EP, based on ideas about the formation mechanism of PMPs homogeneous nucleation satisfactorily describe only the polymerization with a low content of monomer in the initial system (5-10% wt.) in the absence of an emulsifier, or at very low (below the CMC ) concentrations.
Aggregative nucleation mechanism
Along with the micellar and homogeneous mechanisms, aggregative nucleation of particles in EP is widely recognized. It is carefully designed by Lichti [59] [60] [61] and Feeney [62] [63] [64] on the basis of the study of the size distribution of polystyrene latex particles stabilized with sodium dodecyl sulfate. According to them, precursor particles are formed as a result of the growth of oligomeric radicals in the surfactant micelles. Precursor particles are highly unstable and aggregate, reducing the interfacial tension at the oil / water boundary. Thus, there are germs of the particles.
The rate of nucleation time is extremely high, the authors explain this fact as a result of coagulative (aggregative) nucleation. To describe aggregate nucleation a mathematical model has been used which is a combination of the kinetic theory of coagulation, and Muller-Smoluchowski theory of DLVO (Derjaguin, Landau, Verwey and Overbeek) [65] , which determines the strength of the electrostatic repulsion opposing the dispersion forces of attraction as the main factor responsible for the stability of the colloidal particles.
A further development of the mechanism of nucleation of aggregate particles is reflected in the publications of Tauer, Kuhn et al. [52] [53] [54] [55] [56] [57] 66] . This theory is indeed a combination of ideas proposed by Fitch et al. [39] [40] [41] and Oganesyan [51] with the difference that the authors consider the surface energy of the particles as an adjustable parameter of the model.
The basic assumption of aggregative mechanism is the formation of water-soluble oligomers of PMP with a certain chain length. The proposed mechanism can be regarded as a refinement of the mechanism of homogeneous nucleation of particles and act as an independent theory. This mechanism is similar to the mechanism of homogeneous nucleation, but in this case the particles are not dropped from the aqueous phase oligomeric radicals that have reached a critical chain length, and from particles formed by aggregation of several water-soluble oligomeric radicals which are called clusters [66] .
This theory is based on the results of a study of the polymerization of styrene, methyl methacrylate, and vinyl acetate in the absence of surfactant [58] . Selected monomers suitable for this model as well studied in the literature are presented all the necessary constants and experimental data on the critical value (jc) the chain length of oligomeric radicals, in which they precipitate in the aqueous phase, in addition, these monomers differ significantly in their solubility in water [22, [67] [68] [69] [70] .
As part of this mechanism depends significantly on the over-saturation of the oligomeric chain length (j), which in turn depends on the polymerization conditions. The higher values of jc, the lower the solubility of oligomers and the lower concentration required to achieve saturation and the phase formation.
For different monomers nucleation occurs at different times and for different values of j: the higher solubility of the monomer in water, the higher the jc and the longer time required for the appearance of the particles. For the three monomers selected above the calculated jc agree well with the experimental values.
The theory of Hansen and Ugelstad of homogeneous nucleation of particles is based on several assumptions whose validity has not yet been proved. As a main place of particle formation the authors consider a saturated aqueous solution of monomer and initiator and do not take into account the processes occurring at the monomer/water interface.
The formation of the polystyrene suspension during emulsifier-free polymerization initiated by potassium persulfate and the detection of styrene oligomers with the 8-9 degree of polymerization in the aqueous phase are considered as an experimental proof of this theory [27] .
Identifying the formation of particles according to the homogeneous nucleation process that takes place in a perfectly pure supersaturated solutions, these authors did not find the original monomer/water system emulsifier micelles or microdroplets of monomer.
In these studies it is assumed that ion-radicals falls out of solution as a new phase at attaching a certain number of monomer molecules (up to 10). However, the size of oligomeric radicals is widely debated by many authors.
Detailed studies of physico-chemical processes occurring at the interface as well as in separate bulk phases in monomer-water solution of potassium persulfate static systems were performed and described by Oganesyan et al. [49] [50] [51] .
The authors studied the polymerization of styrene in static conditions in the absence of an emulsifier, using potassium persulfate as initiator at 50°C in temperature-controlled reactors. The system was kept in the oven for 2 hrs where decomposition of initiator and initiation of polymerization took place, the aqueous phase became turbid. After standing for more than two days, the aqueous phase transformed into stable latex. These studies were carried out at a volume ratio styrene/water equal to 1:7.
The authors explained these results via the formation of particles at the droplets of the monomer / water interface.
To confirm this conclusion, the authors have found conditions which allow to extend the residence time of particles at the interface and to enable them to build-out there. They increased the density of the aqueous phase by increasing the concentration of initiator. The experiments require a high purity and it was necessary to exclude the influence of possible impurities on the stability of the system under study and eventual variations in temperature. Experiments were carried out in batch reactors, which are attached to the cover of the crystallization apparatus designed for growing crystals under isothermal conditions and having an electronic device to provide a constant temperature with high accuracy.
Crystals of potassium persulfate are grown up in the crystallization apparatus. They are used to initiate polymerization at concentrations in the range of 0.5 -3% by weight. Aqueous solutions of potassium persulfate and styrene separately thermostated at a temperature of 50°C, and carefully layered on the aqueous phase styrene. Painting turbidity of the aqueous phase was dependent on initiator concentration (2%), turbidity appeared at high concentrations of initiator in the narrow boundary layer from the aqueous phase, and then distributed throughout the volume. For the remaining initiator concentrations area of the initial turbidity of water phase was extended.
Authors believe that the formation of monomer droplets in static conditions is necessary to find the source of energy to perform work on the dispersion of the monomer, which is determined by temperature and chemical potential of the contacting phases. It is believed that if the heat of polymerization is able to transfer a certain amount of monomer in the aqueous phase, then the polymerization reaction at the interface can deform the surface of the interface and disperse system. Further, they assume that at an initial equilibrium state of the system the transfer of certain amount of monomer in the monomer-rich aqueous phase is equivalent to supersaturation of water molecules of the monomer, and nucleation of monomer droplets in the aqueous phase near the interface can be expected.
Mechanism of particle formation from microdroplets of monomer
According to the representations of micellar [1] [2] [3] [4] [5] [6] [7] and homogeneous [27, [35] [36] [37] [38] [39] [40] theories of particles nucleation, the monomer droplets play the role of a reservoir from which the monomer in the polymerization process goes into growing PMP by the diffusion through the aqueous phase. Subsequent studies performed by Pravednikov, Gritskova, Taubman where σ12 is interfacial tension, dwp is the density of the dispersion medium, and E is the energy expended to move a unit mass of the medium [80] .
The dispersion of the monomer depends on the power consumed for mixing of the reactor design, the type of the mixer and mixing rate. The presence of the surfactant in the system has a significant influence on the dispersion of the monomer emulsion : adsorption of surfactant at the interface alters the interfacial tension, which facilitates the process of fragmentation and prevents the coalescence of droplets of the monomer when they collide. On the other hand, the irregular distribution of surfactant between monomer and aqueous phases in the initial system provokes transfer of surfactant across the interface, which can lead to the destruction of the border and microemulsification. Thus, in addition to fragmentation and coalescence processes that determine the size of the emulsion droplets in the presence of surfactants, microemulsification may take place. Assignment of microemulsification as a separate factor influencing the formation and composition of the initial emulsion system relates to the fact that the size of droplets produced here is significantly less than those determined by the direct effect of mechanical agitation (less than 0.2 microns). Therefore, the investigation of microemulsification goes beyond traditional ideas about the formation of disperse systems under mixing.
A significant attention in the literature was devoted to the investigation of the properties of microemulsions (ME) and conditions of their formation [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] , however, the thermodynamic equilibrium of lyophilic systems [81, 82] was mainly considered.
Rebinder was one of the pioneers who studied and later developed the process of spontaneous microemulsification [89, 90] . According to his ideas, this process results in the formation of lyophilic colloidal phase corresponding to such a state when an increase of free energy in the formation of the colloidal phase is close to the energy of thermal motion. This process is accompanied by an increase in entropy of the system due to the formation of a large number of colloidal particles. Entropy factor will compensate for the increase in free energy associated with an increase in the interface area.
In contrary to the real (true) spontaneous emulsification when dispersion occurs in the total volume of the dispersed phase with the formation of thermodynamically stable lyophilic system [79, [95] [96] [97] [98] [99] [100] , in this case the dispersion may occur in one or both phases simultaneously with interfacial surface tension, far from the critical (σmin), as a result of hydrodynamic instability of the interfacial layer, and leading to mass transfer of one phase to another. As a result, only part of the dispersed phase the in the layer adjacent to the interface can be involved in emulsification [91] [92] [93] [94] .
The mechanism of interphase mass transfer of surfactant with microemulsification remains open. Various hypotheses are put forward, including those which are based on interfacial instability in the development of interfacial turbulence caused by Marangoni effect. Besides, local fluctuations of the interfacial tension, which lead to the movement of the surface layers of liquid, which, in turn, can increase the interfacial tension gradients in the presence of phase transfer surfactant may be also took into consideration [101] .
Thermodynamically stable ME are translucent, lyophilic systems containing spherical aggregates whose size is in the range of 10 to 20 nm. The formation and the type of microemulsion depend on the ratio of the components in the system and the interaction between the surfactant molecules, hydrocarbon and water, the length of the alkyl chain in the molecules of surfactant and co-surfactant (if the later exists), as well as on the nature of the hydrocarbon [111] [112] [113] [114] [115] [116] .
It should be noted that microemulsions formed as a result of surfactant phase transfer are only kinetically stable and significantly different from those traditionally considered as thermodynamically stable ME. Again we note that the size of monomer microdroplets exceeds the characteristic size of the emulsifier micelles, but is much smaller than droplet size which can be obtained with the corresponding value of interfacial tension by mechanical fragmentation of the monomer.
Mass transfer at the interface caused by the diffusion of surfactant, soluble in both phases, provided greater solubility of the surfactant in one phase, without stirring, bringing with him through the phase boundary, and enjoys a certain amount of the solvent (monomer) that is emulsified in the other phase.
The intensity of microemulsification is slowed over time and can be completely terminated with prolonged contact of phases. This is explained by the fact that the interface formed a dense layer of ME, retarding the process of mass transfer. Microemulsification observed in systems with sufficiently high values of interfacial tension σ12 (about 1-10 mN / m). The increase in interfacial surface at high values of σ12 can not be explained by thermodynamic factors, because the corresponding increase in free energy can not be offset by an increase in entropy of microdroplets. This means that the stability of such a dispersed system has a kinetic rather than thermodynamic in nature.
In this case, when the surface energy of the droplets is much higher than KT, the formation of droplets can not be explained only by thermal fluctuations. Note that the ratio of the surface energy of a KT scan, depending on the size of droplets can be large, even for low values of σ12. So for a drop having a diameter D = 100 nm and σ12 = 10 -2 mN / m, for this ratio, we obtain 2 12 75
This process is a kind of "quasi-spontaneous" emulsification, and once again we recall that in contrast to the spontaneous emulsification of the true droplets can form various degrees of dispersity, from colloidal particles to the droplets, significantly exceeding the size, for example, microscopic investigation of emulsion obtained in a glass capillary at the interface of 10% aqueous solution of sodium butylnaphthalenesulfonate / xylene, clearly showed that the formation of direct and inverse emulsions. Unstable inverse emulsion of water in coarse xylene -the diameter of water droplets is in the range 1-5 microns. The emulsion is xylene in the aqueous phase (direct emulsion) is visually observable in the form of a milky-white layer below the interface and is extremely stable and formed droplets whose size is beyond the interval of an optical microscope. Therefore, the determination of the dispersion ultra ME is carried out by electron microscopy [79] . The diameters of the particles according to electron microscopy were in 20-40 nm intervals.
There is a proportional relationship which was noticed between the resulting number of ME microdroplets and the quantity of surfactant have passed through the interface. The effectiveness of microemulsification is associated not only with surfactant phase transfer caused by initial non-equilibrium distribution of surfactants between the phases. Parameters determining the condition of interfacial instabilities are also: a sign of the derivative dσ12/dG (G -surface concentration of surfactant), the relationship of diffusion coefficients D1/D2 and coefficients of the kinetic viscosity γ1/γ2 in different phases [77] . It should be noted that the surface concentration of surfactant uniquely determines the surface tension only in the absence of local gradients of G, leading to a surface instability. Dynamic surface tension measured in the presence of interfacial instability, depends on the distribution of local values of G, and may be substantially lower than the equilibrium value. Numerous experimental determination of σ12 under non-equilibrium conditions confirms this fact.
Interphacial transfer causing the destruction of the interface can also lead to the fragmentation of large monomer droplets, whose dimensions are determined mainly by conditions of mechanical stirring. By analogy with the effect of interphase mass transfer direction that depends on the surfactant distribution coefficient on the rate of microemulsification, we can assume that the fragmentation of large droplets of the monomer will depend on the way the surfactant is introduced to the system:  surfactant is dissolved initially in aqueous phase (traditional way);  surfactant is dissolved initially in monomer;  surfactant is formed on the interface layer (when acid and alkaline components of surfactant are dissolved in monomer and aqueous phase respectively)
Investigation of polymerization of vinyl and diene monomers in the presence of a nonionic emulsifier, performed in [79, 95, 100] led the authors to conclude that monomer microemulsification is the first stage of PMP formation in EP.
When free radicals are injected into the microdroplets of monomer, they become PMP. Polymer-monomer particles are microdroplets of polymer solution in monomer, on the surface of which the polymer sedimentate, forming a polymer film. This film is the site of fixation of polymer radicals and, therefore, it is the place of formation of high molecular mass polymer.
Monomer to the reaction site (surface layer) of a particle diffuses as from inside this particle as from the outside monomer droplets, if later are present in the system and if the monomer concentration in microdroplets reached critical values lower than monomer/polymer equilibrium concentration. The authors believe that, along with the diffusion of monomer through the water, the transfer of the monomer can be carried out through direct contact of PMP with a monomer droplets.
Thermodynamic substantiation of formation of monomer microdroplets was investigated by Oganesyan [49, 51, 109] . In his study of the static monomer/water system the author tried to find the source of energy needed to perform work on the formation of droplets. His analysis came from the following considerations: the minimum work necessary to create a unit of the interface (the specific surface free energy) is the interfacial tension. New surface can be created by elastic deformation of the interface, the transfer of some amount of a substance from one phase to another and the creation of the surface bumps or depressions, as well as the division of each of the phases in small particles. If both phases are liquid, the minimum work to create a unit surface area for all modes is the same because it is defined only by temperature and chemical potential of the contacting phases [79] . If the released heat of polymerization at the interface is able to transfer a certain amount of monomer in the aqueous phase, it can be assumed that the polymerization reaction can also deform the interface and disperse system. If we start from an initial equilibrium state of the system, the transfer of certain amount of monomer in the monomer-rich aqueous phase of water is equivalent to supersaturation with respect to monomer and nucleation can be expected in the monomer droplets in the aqueous phase in the vicinity of the interface.
Oganesyan et al. [49] [50] [51] believe that the formation of droplets of the monomer due to polymerization at the interface monomer -water, can also be explained on the basis of their dependence on the specific surface energy, γ, and temperature.
where n is a constant depending on the nature of the substance (for organic liquids it is equal to 11/9 [51] ). Tc is the critical temperature (at T = Tc there is a mixture of phases). From equation (4) it follows that with increasing T , γ strongly decreases. Thus, for every act of the reaction heat release in certain areas of the interface performs a partial mixing of fluids, and if stabilizing agents, such as surfactants or oligomeric growing radicals, are present in the system this process will lead to the formation of microdroplets of the monomer.
Mixed mechanism of PMP nucleation
In [34, 35, 117, 118] Hansen and Ugelstad proposed to consider all three mechanisms of nucleation of PMP (micellar, homogeneous, and from microdroplets) when investigating EP at a concentration of emulsifier above CMC, assuming that the micelles containing solubilized monomer and monomer microdroplets compete with one another in the capture of oligomeric radicals from the aqueous medium. This causes that the rate of formation is the sum of the rate of the particle nucleation by all three mechanisms.
where Pm and Pd -the probability of absorption of oligomeric radicals by solubilized micelles and microdroplets of monomer respectively, and Ph is the probability of homogeneous nucleation in the aqueous phase. The sum of all probabilities is equal to unity:
where Pp1 and Pp0 are the probability of capture of oligomeric radicals by PMP containing one and zero free radical.
On the basis of this model, several extreme cases have been investigated, such as a. homogeneous nucleation of particles, taking into account the possible absorption of oligomeric radicals by particles and nuclei of small flocculation [34] ; b. the limited flocculation of particles and nuclei, and small micellar nucleation PMP microdrop [34 , 35] ; c. competing homogeneous and micellar nucleation, with the possibility of desorption and reabsorption of free radicals with little flocculation of particles [117] ; d. homogeneous nucleation of microdrop and low flocculation of particles [118] .
Song and Poeleyn suggested a scheme (Figure 2 ) of particles nucleation at the initiation of EP monomer and potassium persulfate developed general kinetic model that takes into account all the mentioned above three possible mechanisms of particle nucleation [119] [120] . These published data suggest that current theoretical ideas on the mechanism of PMP varied. This complicates the establishment of methods of synthesis of polymeric suspensions with regulated properties and makes it relevant and important research aimed at solving this problem.
Model of styrene emulsion polymerization. The effect of the initial dispersion of the system on the polymerization rate and size distribution of polymer-monomer particles
The models of latex particle nucleation described in the literature were generalized in [122] . These models are the "collision process" [123, 124] , "diffusion process" [27, 29] , "diffusion/propagational" model (Maxwell et al. [125] ), "collision/empirical" model (Dougherty [126] and Penlidis et al. [127] ), "surface coverage" model (Yeliseyeva and Zuikov [128] ), and "colloidal" model (Penboss et al. [129] ).
The authors of [74] assume that the original monomer emulsion contains, in addition to surfactant micelles, monomer microdroplets with a size of 50-150 nm that are formed owing to fragmentation of monomer droplets in the initiation of polymerization and owing to the mass transfer of the emulsifier at the monomer/water interface. It was shown that the ratio of the number of micelles and microemulsion droplets in the system depends on both the type of surfactant and the method of introducing it into the system [101] . The number of microdroplets affects the pattern of the particle size distribution and the molecular mass distribution of the polymer. According to the authors of [101] , PMPs are formed from both micelles and microemulsion droplets.
The simulation of emulsion polymerization of styrene is the subject of many publications, in which the authors discuss the dependence of the kinetics of the process on the emulsifier and initiator concentration [130] , the particle size distribution [127, [131] [132] [133] [134] , and the molecular mass distribution [135] [136] [137] [138] [139] and perform a complete simulation of the kinetic characteristics of the process [24, 38, 130, [140] [141] [142] [143] [144] [145] . However, all these studies are based on the Harkins-Yurzhenko qualitative theory and disregard the participation of microdroplets in the formation of PMPs.
In this study, we attempt to develop a mathematical model of emulsion polymerization for a partially water-soluble monomer (styrene) that takes into consideration that the original emulsion contains microdroplets that participate in the formation of PMPs.
The calculations are performed with disregard for homogeneous nucleation, polymerization in emulsion macrodroplets, and radical desorption from PMPs. In our opinion, these assumptions are fully justified for the polymerization of partially water-soluble monomers, such as styrene, and in the presence of a fairly high amount of emulsifier.
Let us introduce the following notations: The concentration of PMPs with volume ν with volume fraction of the monomer in them containing i growing radicals at time t is fi(ν, φ, t), the total concentration of PMPs in the system is expressed through f i (ν, φ, t) as , and their average diameter (,,) (,,)
To determine the effect of the dispersion state of the original emulsion system on the characteristics of emulsion polymerization, we performed a model calculation of the polymerization rate and the PMP size distribution in systems with different initial states.
Consider two limiting cases:
i. A system that contains, in addition to the aqueous phase and monomer emulsion droplets, microdroplets of the same size (here micelles can be regarded also as a limiting case of microdroplets). With this aim in view, we calculate the dependence of the polymerization rate and the PMP size distribution on the diameter of microdroplets. ii. A system that contains the aqueous phase, monomer emulsion droplets, and micelles and microdroplets of the same size. In this case, we estimate the effect of the ratio between the number and size of micelles and microemulsion droplets on the polymerization rate and the PMP size distribution.
A monodisperse system consisting of monomer microdroplets
Consider an emulsion system that contains emulsion droplets dispersed in the aqueous phase and microdroplets of diameter D0 (accordingly, of volume V0), the concentration of which is M0 particles per cubic centimeter. Monomer microdroplets will be present in the system if 1 00
, where r is the volume ratio of the aqueous and monomer phases. We assume that the monomer diffusion from droplets towards PMPs through the aqueous phase does not limit the process of emulsion polymerization.
If the emulsifier concentration in the system is high, that is, much higher than the critical concentration of micelle formation (it is this case that will be discussed below), we can disregard the fraction of a surfactant adsorbed on droplets. In this case, M0 and D0 are related as follows:
where SE is the emulsifier concentration in the system (mol•cm -3 ), am is the area occupied by one surfactant molecule on the microdroplet surface, and NA is Avogadro's number.
In the absence of PMP coalescence and radical desorption from particles, the system of equations for the PMP distribution function fi(ν) for volume ν; the volume fraction of the monomer in them,  ; and number i of growing radicals has the form 12 0
In Eq. (8), the first term in the right-hand side describes the arrival of a radical to a particle from the aqueous phase, the second term defines the change in the number of radicals during termination, and the last term describes the formation of new particles after the entry of a radical into a microdroplet. In the left-hand side of Eq. (8), θν and   define, respectively, the volume growth rate and the rate of change in the volume fraction of the monomer for a PMP that contains one radical. These rates can vary with the particle size. In addition, j(ν) is the diffusion flux of radicals towards particles; kt is the chain termination rate constant; and The total concentration of PMPs in the system is
The polymerization rate W is expressed in terms of the functions Xi and Yi according to the equation
Equations (12)- (14) completely describe the first and second stages of emulsion polymerization. To calculate the distribution function fi, we introduce dimensionless variables and parameters:
X  and i Y  at 2 i  are equal to zero (i.e., the approximation of fast termination is valid for the system), and the system with an infinite number of equations will transform into a system of equations for fi with i = 0 and 1. The appropriateness of the approximation of fast termination, other things being equal, is determined by the value of termination constant kt. If we take the termination constant value for in bulk polymerization as kt, then, for typical values of the initiation rate ρ = 10 11 -10 13 cm -3 s -1 and the emulsifier concentration SE ≈ 10 -4 mol/cm 3 , the value of λ will be  ≈ 10 10 for particles with a size of D0 = 10 nm and λ ≈ 10 3 for particles with D0 = 150 nm. The termination constant for the emulsion polymerization in particles with a volume fraction of the monomer of 0.5
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is two to four orders of magnitude lower than that for bulk polymerization; therefore, the value of λ will be lower as well. Nevertheless, at the first stage of emulsion polymerization, the An Advanced Approach on the Study of Emulsion Polymerization: Effect of the Initial Dispersion State of the System on the Reaction Mechanism, Polymerization Rate, and Size Distribution of Polymer-Monomer Particles 183 approximation of fast termination is valid for small particles owing to 1   that is due to the low value of D0; for large particles (up to D0 ≈ 300-500 nm), for which M    throughout the first stage, the approximation of fast termination is appropriate because of the high value of the termination constant. However, note that, at the second stage of emulsion polymerization, when the volume fraction of the polymer is high in large PMPs, the approximation of fast termination may be inapplicable to these large particles.
In the approximation of fast termination we obtain the following system 0 10 (1)( )
where κ is the dimensionless parameter in equations
A system containing small microdroplets.
The criterion of a small size of microdroplets is short time tM of settling of the equilibrium volume fraction of the Monomer M  in PMPs relative to the duration of the first stage t1; that is, tM < t1. Figure 3 shows the PMP size distribution by the end of the first stage and the time dependence of microdroplet concentration in the system. It is evident that the PMP concentration increases almost linearly with time nearly to the end the first stage (t < t1), and the microdroplet concentration decreases also almost linearly; only near the end of the first stage, a sharp decrease in the microdroplet concentration down to zero occurs.
These results are derived under the assumption that the time of settling of the equilibrium volume fraction of the monomer, M  , in a PMP is much shorter than the duration of the first stage. Using the expression for the dependence of the first-stage duration on parameters of the system, we find that the above calculations are valid for systems whose parameters satisfy the inequality
or, since M  ≈ 0.5 and dP/dM ≈ 1, this inequality is equivalent to inequality κ >>1.
Thus, if inequality (13) is fulfilled (the system consists of small microdroplets), then the PMP concentration will depend only on the initiator and emulsifier concentrations and will not depend on the size of microdroplets. 
A system containing large microdroplets
If the original emulsion system contains microdroplets with a large diameter (κ ≤ 1), throughout the first stage (at certain sizes, including a part or the entire second stage), the volume fraction of the monomer in PMPs formed from these microdroplets will be higher than equilibrium,
In this case, PMPs will not absorb the monomer from emulsion droplets and, consequently, change their volume. Thus, the surfactant adsorbed on the surface of microdroplets is not consumed for the stabilization of PMPs, and the finite number of PMPs will be equal to the number of microdroplets in the original system. In this system, the concentration of PMPs with
is zero, Xi = 0, and the polymerization process is described by equations for functions Yi(, t), which, in the approximation of fast termination, in dimensionless variables, have the form 0 10
Let us use 00 () nx For the time dependence of conversion, from the condition of balance for the monomer, we have Figure 4 shows the time dependence of conversion for the original system of large microdroplets, which is calculated through formula (15) , and, for comparison, the time dependence of conversion for the original system of small microdroplets. It is evident that, in the approximation of fast termination, the polymerization occurs faster in the system with small microdroplets. Figure 5 shows the calculated dependence of the final concentration of PMPs in the system on the size of microdroplets for the case in which the rate of radical entry into particles is proportional to their surface. The characteristic size of microdroplets, DC, starting from which the PMP concentration decreases, is determined by the value of parameter κ = 1; therefore, it depends not only on D0 but also on the initiation rate and the emulsifier concentration. For typical values of concentrations of the components, this size is DC ≈ 40-60 nm.
To determine the effect of microdroplet size on the PMP size distribution through solution of system of equations (12)- (13), we calculated also the PMP size distribution by the end of the first stage for different values of D0 and changes in the distributions during polymerization. Figure 6 represents the PMP diameter distribution by the end of the first stage; Fig. 6 depicts a change in the distribution during polymerization, it shows that the PMP size distribution becomes narrower as the size of microdroplets increases. 
A bidisperse system of microdroplets
To determine the mechanisms of polymerization in the case of comparable rates of PMP formation from micelles and microemulsion droplets, we study a bidisperse system that contains М0 microemulsion droplets with diameter D0 and μ0 micelles with diameter d0 and calculate the polymerization process in this system.
Depending on the method of introducing the emulsifier into the system, the formation of new droplets of the microemulsion can occur during polymerization; however, owing to the absence of experimental data on the rate of microemulsification in these systems and its dependence on the concentration of the free emulsifier and its distribution between phases, we restrict ourselves to the discussion of a system with a fixed number of microemulsion droplets. Consideration for the finite rate of formation of the microemulsion will only lead to a change in the duration of the stage of PMP formation and slightly affect other characteristics of the process.
To describe the rate of polymerization and the concentration of PMPs in the system under discussion, we introduce parameter Γ that characterizes the fraction of the surfactant adsorbed on the microemulsion surface:
where М0, D0, μ0, and d0 are related as follows 
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We shall divide all PMPs in the system into two types: PMPs formed from micelles (with subscript μ) and PMPs formed from the microemulsion droplets (with subscript М): the total number of PMPs formed from the microemulsion droplets, NM, is equal to the initial number of droplets, М0, and the number of PMPs formed from micelles, Nμ, is Figure 7 shows the dependence of KD on Γ for κ = 10 4 . It is evident that index KD by the end of the first stage depends on the d0/D0 ratio and has maximum. Figure 8 shows the dependence of the finite number of PMPs formed in the system on parameter Γ at different values of d0/D0. It is evident that, during an insignificant difference between the sizes of the two fractions, the PMP concentration hardly changes at all; however, when the size of large microdroplets is five (or more) times larger than the size of small microdroplets (solubilized micelles), the PMP concentration sharply decreases with an increase in Γ. Figure 9 depicts the size distributions of PMPs by the end of the first stage for various values of Γ and d0/D0. It is evident that the distribution is bimodal. Figure 10 shows that the PMP size distribution by the end of the first stage is bimodal in the general case. The peak relating to a smaller diameter corresponds to PMPs formed from micelles; that relating to a larger diameter corresponds to PMPs formed from microemulsion droplets. The transition from the bimodal size distribution of PMPs to the unimodal size distribution of PMPs by the end of the first stage occurs at a ratio of the initial sizes of micelles and microemulsion droplets of d0/D0 ≈ κ -1/5 . So a mathematical model of emulsion polymerization of poor soluble monomers has been developed. It takes into account the basic physio-chemical characteristics of the system and enables simultaneous calculating important parameters of the system such as polymerization rate, the time dependence of conversion, the concentration and size distribution of PMPs and molecular mass distribution of polymer [105] . The models predicts that with increasing microdroplet size D0 above the critical value DC ~ 40-60 nm, the PMP concentration and the polymerization rate will decrease; at D0 < DC, both the polymerization rate and the PMP concentration do not depend on D0. The PMP distribution becomes narrower with an increase in D0. In the case of simultaneous formation of PMPs from micelles and monomer microdroplets, the PMP size distribution is broad or, under certain conditions, even bimodal.
Analysis of experimental data shows that monomer microdroplets play an important role which should not be ignored neither in studying mechanism of polymer-monomer particles nucleation in emulsion polymerization nor in modeling this complicated process.
